2,4-Dichlorophenoxyacetic acid (2,4-D) was assessed for systemic toxicity, reproductive toxicity, developmental neurotoxicity (DNT), developmental immunotoxicity (DIT), and endocrine toxicity. CD rats (27/sex/dose) were exposed to 0, 100, 300, 600 (female), or 800 (male) ppm 2,4-D in diet. Nonlinear toxicokinetic behavior was shown at high doses; the renal clearance saturation threshold for 2,4-D was exceeded markedly in females and slightly exceeded in males. Exposure was 4 weeks premating, 7 weeks postmating for P1 males and through lactation for P1 females. F1 offspring were examined for survival and development, and at weaning, pups were divided in cohorts, by sex and dose, and by systemic toxicity (10), DNT (10), DIT (20), and reproductive toxicity (≥ 23). Remaining weanlings were evaluated for systemic toxicity and neuropathology (10-12). Body weight decreased during lactation in high-dose P1 females and in F1 pups. Kidney was the primary target organ, with slight degeneration of proximal convoluted tubules observed in high-dose P1 males and in highdose F1 males and females. A slight intergenerational difference in kidney toxicity was attributed to increased intake of 2,4-D in F1 offspring. Decreased weanling testes weights and delayed preputial separation in F1 males were attributed to decreased body weights. Endocrine-related effects were limited to slight thyroid hormone changes and adaptive histopathology in high-dose GD 17 dams seen only at a nonlinear toxicokinetic dose. 2,4-D did not cause reproductive toxicity, DNT, or DIT. The "No Observed Adverse Effect Level" for systemic toxicity was 300 ppm in both males (16.6 mg/kg/day) and females (20.6 mg/kg/day), which is approximately 6700-to 93 000-fold higher than that reported for 2,4-D exposures in human biomonitoring studies.
The Industry Task Force II on 2,4-D Research Data conducted a newly designed Extended One-Generation Reproductive Toxicity Study (EOGRTS) to supplement the 2,4-dichlorophenoxyacetic acid (2,4-D) toxicology data set. This EOGRTS was a modification of the study design proposed by Cooper et al. (2006) and preceded the recently published OECD 443 test guideline (OECD, 2011) . The study was intended to provide a thorough toxicity assessment across life stages by a combined examination of reproductive toxicity, developmental neurotoxicity (DNT), developmental immunotoxicity (DIT), endocrine disruption (including thyroid parameters), and systemic toxicity. The EOGRTS is one component of the pesticide toxicology test battery advanced by the International Life Sciences Institute-Health and Environmental Sciences Institute Agricultural Chemicals Safety Assessment (ACSA) workgroup and advocates the use of toxicokinetic data for dose selection to avoid "high doses that are irrelevant due to saturation of metabolic processes" (Carmichael et al., 2006) . In addition, the ACSA EOGRTS protocol was intended to significantly reduce use of test animals by combining multiple toxicity endpoints commonly evaluated in independent tests into a single protocol (reproduction, DNT, DIT, and endocrine) and by potentially eliminating the requirement to conduct a secondgeneration mating to assess reproduction (Fegert et al., 2012) .
The toxicity of 2,4-D has previously been characterized in a comprehensive series of regulatory-mandated and other toxicity tests (reviewed in Bus and Hammond, 2007; Garabrant and Philbert, 2002; Health Canada PACR, 2005 , 2007 Munro et al., 1992; U.S. EPA RED, 2005) . In a 13-week dietary study in F344 rats, a No Observed Adverse Effect Level (NOAEL) and Low Observed Effects Level (LOEL) of 15 and 100 mg/kg/day, respectively, were established for 2,4-D based on decreases in body weight gain (males), platelet count, and thyroid hormone toxicological sciences 136(2), 527-547 2013 doi:10.1093/toxsci/kft213 Advance Access publication September 26, 2013 levels (T3 and T4), and increases in liver, kidney, and thyroid weights and adrenal cortex hypertrophy (females) (Charles et al., 1996) . The overall NOAEL established for 2,4-D from a previous rat 2-generation reproductive toxicity study (Rodwell and Brown, unpublished data; reviewed in Munro et al., 1992) was 5 mg/kg/day. However, this study did not assess several reproductive parameters common to current toxicity testing standards, eg, sperm analysis or endocrine-sensitive endpoints such as anogenital distance (AGD). Although both the acute and chronic adult neurotoxicity of 2,4-D had been examined in rats (Mattsson et al., 1997 ; acute NOEL = 15 mg/kg, mild locomotor effects; chronic NOEL = 75 mg/kg/day, retinal degeneration), 2,4-D has not been evaluated for DNT in a standardized protocol. Immunotoxicity evaluations in adult mice have not identified 2,4-D-related effects (Blakley, 1986; Blakley and Schiefer, 1986; Lee et al., 2001 ); DIT had not previously been assessed.
Much of the toxicity seen in animal studies is observed at high test doses estimated to be at or above saturation of 2,4-D renal clearance (Bus and Hammond, 2007; U.S. EPA RED, 2005) , ie, under conditions of nonlinear toxicokinetics (TK). 2,4-D is readily absorbed from the gastrointestinal tract in both rats and humans and rapidly cleared from the body, unchanged, in urine (Gorzinski et al., 1987; Sauerhoff et al., 1977) . The initial elimination phase of 2,4-D in male and female rats is between 30 min and 3.4 h, which accounts for the elimination of essentially all absorbed 2,4-D (Pelletier et al., 1989; van Ravenzwaay et al., 2003) . 2,4-D renal clearance is facilitated by an active anion transporter (OAT1) that is saturated at oral gavage doses ≥ 50 mg/kg/day in adult male rats (Gorzinski et al., 1987; Timchalk, 2004; van Ravenzwaay et al., 2003) . Renal clearance of 2,4-D is saturated at lower doses in female rats, consistent with androgen-enhanced expression of the OAT1 transporter (Buist et al., 2002; van Ravenzwaay et al., 2003) . Nonlinear TK due to renal saturation has also been shown in dietary studies in male F344 rats (Saghir et al., 2006) and in both male and female Crl:CD(SD) rats (Saghir et al., 2013) .
Animal toxicity observed under conditions of nonlinear TK is of questionable value for extrapolation to potential human risk if the inflection point for onset of nonlinear TK is substantially above human exposure Carmichael et al., 2006; Slikker et al., 2004) . In a dietary probe study conducted to characterize TK across life stages and support TK-derived dose selection for the 2,4-D EOGRTS (Saghir et al., 2013) , P1 females exhibited nonlinear TK at ≤ 200 ppm (approximately 14 mg/kg/day), whereas P1 male nonlinearity was evident at ≥ 800 ppm (approximately 41 mg/kg/day). Nonlinear TK was seen in postnatal day (PND) 35 pups at 400 ppm (females; lowest dose tested in the probe study) and 800 ppm (males). Importantly, biomonitoring of farm families during active use of 2,4-D has demonstrated that human exposures to 2,4-D are very low and substantially below the inflection points of TK nonlinearity in rats, with geometric mean daily doses determined as ≤ 2.46 µg/kg/day in applicators and 0.8 and 0.22 µg/kg/day, respectively, in spouses and in children living on farms where 2,4-D was applied (Alexander et al., 2007; Thomas et al., 2010) .
EOGRTS dose levels were selected based on a combined analysis of toxicity and TK data from a 2,4-D probe study and subsequent dose titration study (Saghir et al., 2013) . Because of the aforementioned gender differences, different dietary concentrations were selected for adult males and females predicted to achieve high doses equal to or just greater than the inflection point for nonlinear TK. The female high dose was approximately 30 mg/kg/day (600 ppm), whereas the male high dose was approximately 40 mg/kg/day (800 ppm). The low dose of 5 mg/kg/day (100 ppm) was predicted to identify a NOAEL, consistent with the previously identified reproductive toxicity NOAEL (Rodwell and Brown, unpublished data). 2,4-D is adequately transferred through maternal milk to pups (Saghir et al., 2013) , so direct gavage dosing of neonates was not needed to assure continued pup treatment during sensitive periods of postnatal development. Dietary concentration adjustments during lactation and the early postweaning period were designed to provide a relatively constant mg/kg body weight/ day dose throughout all study phases. F1 male and female offspring were transitioned to adult concentration diets on PND 35, when gender differences in 2,4-D TK may begin to appear (Buist et al., 2002) .
The purpose of this EOGRTS was to evaluate the potential effects of 2,4-D on P1 reproduction, and F1 offspring growth and development, including functional assessments of the nervous system, immune system, and endocrine function (including thyroid perturbations) following exposure during critical windows of development. The EOGRTS reserved sufficient animals to conduct a second-generation breeding; however, evaluation of P1 and F1 animals determined this mating to be unnecessary using a priori established criteria (see section on Triggers for Second-Generation Mating). The EOGRTS also included an extensive evaluation of systemic toxicity to facilitate data interpretation and establish relative sensitivity of toxicity endpoints.
It is not possible to present the entire 2,4-D EOGRTS data set in this article; therefore, selected data are shown, including data on dosimetry, systemic toxicity, reproductive toxicity, endocrine toxicity (androgen, estrogen, and thyroid pathways), DNT, DIT, and TK. Additional data are presented in the Supplementary Tables. Given the variety of endpoints evaluated, discussion on the significance of these results follows each data set.
MATERIALS AND METhODS
Materials. 2,4-D was obtained from Nufarm Americas, Inc. (≥ 97.85% pure). The positive control immunotoxicity compounds were cyclophosphamide (CP) monohydrate (Sigma, St Louis, Missouri) and Anti Asialo GM1 (rabbit) (Wako Chemicals USA, Inc., Richmond, Virginia).
Test animals. Animal usage was reviewed and approved by the Institutional Animal Care and Use Committee. Male and female Crl:CD(SD) 2,4-D EXTENDED ONE-GENERATION STUDY rats (Sprague Dawley derived), approximately 9 weeks of age (Charles River Laboratories, Inc., Portage, Michigan) , were acclimated to the laboratory (AAALAC International accredited) for 7 days before study initiation. Rats were assigned to treatment groups using a computer program designed to increase the probability of uniform group mean body weights and standard deviations. Animals were uniquely identified using SC implanted transponders (BioMedic Data Systems, Seaford, Delaware).
Housing, water, and diet. Rats were provided Certified Lab Diet no. 5002 (PMI Feeds, St Louis, Missouri) and housed in stainless steel cages or in plastic nesting cages with ground corn cob bedding from late gestation through lactation and the early postweaning period to PND 28. Animals were provided drinking water and diet ad libitum.
Dosing.
The test material was air milled (particle size: approximately 149 µm) to minimize clumping and facilitate homogenous diet mixes. A concentrated test material-feed mixture (premix) was prepared and diluted with ground feed to achieve the targeted concentrations. Homogeneity and concentrations of 2,4-D were confirmed by liquid chromatography-mass spectrometry at 4 weeks (end of prebreeding period), 8 weeks (approximately the end of gestation), 12 weeks (at weaning), 15 weeks, and 19 weeks. Test diets ranged from 86.7% to 106.8% of the targeted concentrations with all but 4 of the 55 samples analyzed within ± 10% of target. Test diets were used within established stability limits (27 days).
TK and toxicity data were used for dose-level selection , with the high dose targeted at or slightly above the threshold for nonlinear TK. Different high-dose levels were selected for males and females based on gender differences in renal clearance (van Ravenzwaay et al., 2003) . The male high dose (800 ppm, approximately 45 mg/kg/day) was slightly higher than the inflection point for nonlinear TK in male pups from PND 35 to adulthood, whereas the female high dose (600 ppm, approximately 40 mg/ kg/day) was clearly higher than the TK inflection point in female pups and adults (Saghir et al., 2013) . Dietary concentrations were adjusted during lactation and pup postweaning periods using recent body weight/feed consumption data or historical control data with consideration of the large feed consumption increases during specific life stages (Table 1; Carney et al., 2004; Saghir et al., 2013) . These adjustments provided a relatively constant mg/kg body weight/ day dose across life stages. On PND 35, F1 offspring were returned to adult dietary concentrations of 2,4-D until termination.
Study design.
The study design is illustrated in Figure 1 . Supplementary  Table S1 shows the endpoints evaluated in each generation of rats. Beginning 10 weeks of age, rats (27/sex/dose) were fed diets containing 0, 100, 300, and 600 (females) or 0, 100, 300, and 800 (males) ppm 2,4-D, supplying approximately 0, 7, 21, or 40 mg/kg/day 2,4-D for adult females and 0, 6, 17, or 45 mg/ kg/day 2,4-D for adult males for approximately 4 weeks prior to breeding and continuing through breeding (up to 2 weeks), gestation (3 weeks), and lactation (3 weeks). Exposure of P1 males continued for an additional 7 weeks after the initiation of the mating phase to ensure coverage of a full spermatogenic cycle. P1 females were exposed until lactation day (LD) 22 (the end of the lactation period). Selected F1 offspring were maintained on the test diet until PND 60 (Set 1b, 10/sex/dose), approximately PND 70 (Sets 1a, 10/sex/dose, and 2a, 10/sex/dose), approximately PND 90 (Set 2b, 10/sex/dose), and approximately PND 139 (Set 3, 20/sex/dose).
P1 males and females were evaluated for systemic toxicity and for functional and structural evaluations of the reproductive systems. Results from a priori defined reproductive and toxicity endpoints from the P1 and F1 generations were assessed to determine whether production of a second generation was triggered (see Results section). In addition, a satellite group of P1 females (12 per dose) was exposed during prebreeding, breeding, and gestation days (GD) 0-17, when they were euthanized to assess gross pathology, clinical pathology, thyroid hormones, TK, and selected reproductive parameters (ie, female mating/fertility/conception indices; time to mating, numbers of corpora lutea, implantations, and resorptions; viable fetuses/litter; and percent pre-and postimplantation losses) during gestation.
F1 offspring were evaluated for effects on systemic toxicity (Set 1a), nervous system (Set 1b), immune system (Set 2a and 2b), reproductive system, and thyroid function (Set 3). 2,4-D TK was assessed in the Set 3 F1 offspring on PND 63 and 84. Unselected weanlings were sacrificed on PND 22 and evaluated for systemic toxicity and neuropathology. The various study designs (parental group, satellite group, Sets 1-3 and unselected weanlings) are illustrated in Figure 1 and Supplementary Figures S1-S5.
Clinical observations. All animals were observed twice daily for alterations in behavior or demeanor and were given weekly handheld clinical observations. In addition, detailed clinical examinations, using categorical and ranked (ie, scored) observations, were conducted on the P1 animals preexposure and once during the last week of the premating period.
Body weights and feed consumption. P1 male body weights were collected weekly throughout the study. P1 females were weighed weekly prior to breeding, on GD 0, 7, 14, and 20, and LD 1, 4, 7, 14, and 21 . The body weight of each pup was recorded on PND 1, 4, 7, 14, and 21 and weekly after weaning until termination. Mated females from the satellite group were weighed weekly during the preexposure and premating periods, and then on GD 0, 7, 14, and 17. Body weight gains were calculated for corresponding intervals. The Set 1b F1 offspring also were weighed on the day of the functional observational battery (FOB) and acoustic startle response (ASR) measurement. Generally, feed consumption measurements were determined for the same intervals over which body weights were collected. Test material intake (TMI, expressed as mg/kg/ day) was calculated at designated intervals.
Estrous cycle (P1 females and F1 Set 3 females). Estrous cycle length and normality were evaluated by daily vaginal lavage in P1 females for 2 weeks prior to breeding and in Set 3 F1 females for 4 weeks from PND 40-68.
Breeding procedure (P1 animals). In the main study, each P1 female was placed with a single P1 male from the same dose level (1:1 mating), whereas in the satellite group, each female was placed with an untreated male that had access to 2,4-D-containing diet only during the mating period. Animals were paired until mating occurred or 2 weeks elapsed. The day on which sperm were detected or a vaginal copulatory plug was observed in situ was considered GD 0.
Litter data and culling (F1 offspring).
For each litter, data included the date of parturition; the number of live and dead pups on LD 0, 1, 4, 7, 14, and 21; and the sex and body weight of each pup on LD 1, 4 (before and after culling), 7, 14, and 21. To minimize variation in pup growth, litters with a total number of pups exceeding 10 were culled to 5 males and 5 females, where possible, on LD 4. Culled pups were randomly selected, examined grossly, and euthanized.
Weaning and pup assignment (F1 offspring). All litters were weaned on LD 21. Three male and 3 female F1 pups/litter were selected randomly, and 1 male and 1 female each was assigned to Set 1, 2, or 3. For Set 1, 1 male or 1 female per litter was assigned to Set 1b, so that the DNT group would include representatives of each litter and control for litter effect prior to statistical analyses (n = 10 males + 10 females/dose level). The corresponding male or female from each litter was assigned to F1 Set 1a systemic toxicity. For Set 2, 1 male and 1 female per litter were assigned to Set 2a for the initial evaluation of immunotoxicity with the SRBC AFC assay and then were assigned to Set 2b for the natural killer cell assay (n = 10 males + 10 females/dose level with 10 litters represented in each assay). The natural killer cell assay was identified a priori for Set 2b animals if the SRBC assay was judged to be negative, which was consistent with results obtained by Cooper et al. (2006) . For Set 3, 1 male and 1 female per litter were randomly selected for reproductive toxicity assessment (n ≥ 20 males and 20 females/dose level).
From the unselected F1 weanlings, 1 PND 22 pup/sex/litter (n = 12/sex/ dose) was perfused for neuropathology evaluations. Additionally, 1 PND 22 pup/sex/litter (n = 10/sex/dose) was randomly selected for necropsy, with the collection of blood for thyroid hormone analyses, organ weights, and preservation of tissues for subsequent histopathological examination. Remaining unselected F1 weanlings were examined grossly on PND 22.
Endocrine endpoints (F1 offspring prior to maturity). AGD (absolute and relative to the cube root of body weight) was measured in all F1 pups on PND 1 (Gallavan et al., 1999) . All F1 offspring were evaluated for the presence of nipple/areolae on PND 12 as described by McIntyre et al. (2001) . All F1 animals retained postweaning (3/sex/litter assigned to Sets 1-3) were examined daily for vaginal opening beginning PND 26 or for balanopreputial separation beginning PND 35 (Korenbrot et al., 1977) , continuing until these markers for puberty were attained. Age and body weights of the animals were recorded on the day puberty was achieved. For each dose group, the mean age and body weight at puberty onset was calculated from the litter means. For AGD, nipple retention, and puberty onset measurements, observers were blind to treatment group when evaluating the F1 offspring.
Thyroid assessments. Rats were anesthetized with isoflurane and examined grossly, and blood was collected from PND 4 culled pups (10 litters/dose; samples pooled by sex and litter with 1 male and 1 female sample/litter), unselected PND 22 weanlings (nonperfused), GD 17 satellite dams, and Set 1a F1 offspring (10/sex/dose, approximately PND 65). Animals were not fasted prior to these blood collections to avoid the potential effects of fasting on thyroid hormone levels (Boelen et al., 2008; Döhler et al., 1979) . Serum was analyzed at AniLytics (Gaithersburg, Maryland) for triiodothyronine (T3), thyroxine (T4), and thyroid-stimulating hormone (TSH) using radioimmunoassays with standards from the National Hormone and Pituitary Program (UCLA, California). At necropsy, thyroid/parathyroid glands were harvested from the same animals used for thyroid hormone analyses.
TK (GD 17 satellite dams, Set 3 F1). Blood samples (5 per dose group) collected from nonfasted GD 17 dams at necropsy at approximately the same time each day were used for single-time point TK analyses to determine plasma levels of 2,4-D. For Set 3 adults, 3 blood samples (6 am, 9 am, and 5 pm per Saghir et al., 2006) were collected from randomly selected nonfasted animals (5 rats/sex/dose group) on PND 63 and PND 84 for the determination (Saghir et al., 2013) .
Clinical pathology (P1 GD 17 satellite dams, Set 1a F1 offspring). Animals (10/sex/dose) were anesthetized with O 2 /CO 2 at scheduled necropsy, and blood samples were collected from the orbital sinus from fasted P1 animals (males after approximately 11 weeks of treatment, females on LD 22), Set 1a F1 animals (approximately PND 70), and nonfasted P1 GD 17 satellite dams. Hematology parameters, coagulation, clinical pathology analytes, urinalysis, and thyroid hormones were evaluated using instrumentation/methods listed in Supplementary  Table S2 .
DNT assessments (Set 1b F1 offspring): Set 1b F1 offspring (10 males and 10 females representing 20 litters) received a FOB between PND 54 and 56 at the same approximate time each test day. The FOB, which was conducted according to previously described procedures (Mattsson et al., 1986 (Mattsson et al., , 1997 , included cage-side, handheld, and open-field observations with ranked and categorical observations, as well as sensory evaluations, which included tests for nociception (responsiveness to tail pinch) and startle response (responsiveness to sharp noise), and measurements of body weight, rectal temperature, forelimb and hind limb grip performance, landing foot splay, and motor activity (MA). The FOB was conducted by an observer who was blind to the treatment status of the animal. The same observer was used for all rats. Each MA session consisted of eight 8-min epochs, totaling 64 min of testing per animal per test session as determined in a validation study (Marty and Andrus, unpublished data) . ASR habituation was evaluated between PND 57 and 59 using a commercially available ASR system (Med Associated, Inc., St Albans, Vermont) under the following conditions (Andrus, unpublished data): approximately 65 dB [A] background noise, 50 startle trials (approximately 120 dB[A] white noise burst, 50-ms duration, 2-ms rise/fall time with 10-20 s variable intertrial intervals) with mean peak response amplitude calculated for each 10-trial blocks. Body weights were collected on the day of ASR assessment. Equipment used for rectal temperature, grip performance, MA, and ASR were calibrated before testing.
DIT assessments (Set 2 F1 offspring). F1 offspring in Set 2a (10/sex/ dose using 1/sex/litter) were evaluated for immune function using the sheep red blood cell (SRBC) antibody plaque forming cell (AFC) assay (Ladics et al., 2000) . On PND 66-70, F1 offspring were immunized by IV injection with SRBC. AFC response was evaluated 4 days postimmunization as described by Carney et al. (2004) . Five animals per sex from similarly aged satellite animals served as a concurrent positive control group (immunized with 4 daily doses of 20 mg/kg/day CP via IP injection as described by Loveless et al. (2007) .
Set 2b F1 offspring (10/sex/dose using 1/sex/litter) were subjected to a natural killer cell (NK) assay . Spleens were removed from Set 2b animals , and a single-cell suspension of splenocytes was prepared. Splenocytes (effectors) were incubated with previously plated target cells (mouse lymphoma cell line YAC-1 from ATCC [Manassas, Virginia] labeled with carboxyfluorescein succinimidyl ester [CFSE]) at effector:target ratios that range from 6.25:1 to 200:1. At the end of incubation (4 h, 37C), propidium iodide (PI) was added to identify dead cells, and samples were analyzed by flow cytometry (Beckman Coulter Epics XL). A separate group of age-matched rats received an IV injection of rabbit antimouse/rat Asialo GM1 polyclonal antibody 24 h prior to necropsy (positive control group). Comparative assessments of the flow cytometry and chromium release approaches indicate a similar sensitivity in their ability to detect NK cell activity and inhibition Kim et al., 2007; Langhans et al., 2005) . Enumeration of lymphocyte subpopulations was not conducted in the 2,4-D EOGRTS, although this endpoint was subsequently included in the OECD 443 test guideline.
Pathology. For most adult P1 and all F1 females, vaginal lavage samples were collected to confirm estrous stage at the time of termination (lavage samples were inadvertently not collected on 6 to 7 P1 females/dose during the first 3 days of P1 necropsy). The uteri of all P1 females were stained with 10% sodium sulfide stain to count implantation sites. Animals were anesthetized with O 2 /CO 2 and weighed, and when appropriate, blood samples were collected (TK, thyroid hormone, clinical chemistry/hematology). Animals were euthanized by decapitation. A complete necropsy was conducted on all animals by a veterinary pathologist assisted by a team of trained individuals with the exception of Set 2 animals, which had a limited necropsy. Where designated, organs were collected and weighed, and ratios of organ weight-to-terminal body weight were calculated. The organs weighed, tissues preservation methods, stains, and tissues examined for each group are listed in Supplementary Table  S1 . Preserved tissues from the high-dose and control animals were prepared by standard techniques, sectioned approximately 5-6 µm thick, and examined by a veterinary pathologist using a light microscope. Histopathologic findings were subjectively graded as appropriate to assess the potential effects of exposure with regard to the contribution of a specific lesion to the health status of an animal; tissues from the lower dose groups were only examined if exposurerelated effects were seen in the high-dose group, gross lesions were present, or the animals failed to mate and/or produce a litter (P1 males and females only).
Sperm parameters (motility, morphology, and testicular spermatid/epididymal sperm counts) were evaluated using the HTM Integrated Visual Optical System (IVOS; Hamilton-Thorne Research, Beverly, Massachusetts) as described by Carney et al. (2004) . Sperm motility was examined in P1 and Set 3 F1 males from all dose groups. Sperm morphology and count data were generated for control and high-dose P1 and Set 3 males, as well as for any males that failed to mate successfully during the mating period. Because of the absence of exposure-related effects, sperm from the lower dose levels were not evaluated.
Perfusions for unselected PND 22 weanlings and Set 1b F1 offspring.
Weanlings selected for perfusion and Set 1b F1 adults (PND 60) were given an IP injection of 0.2 ml heparin (10 000 USP/ml) per 100 g body weight, anesthetized with O 2 /isoflurane, cannulated via the left ventricle of the heart, and perfused by gravity pressure (height was 66.6 inches above the animal to produce a pressure of 120 mm Hg) with 0.05M phosphate buffer containing sodium nitrite followed by a PBS of 1.5% glutaraldehyde-4% formaldehyde (c. 540 mOs). Tissues were examined for gross pathologic alterations by a veterinary pathologist. Brain weight and gross linear measurements were recorded on all dose groups. Tissues included in the neuropathology assessment are described in Supplementary Table S1 .
For morphometric purposes, 2 transverse tissue blocks were cut through the cerebrum and midbrain (blocks 3 and 4), and a longitudinal (anterior to posterior) cut was made midway through the cerebellum after it was removed from the midbrain (block 10). Blocks 3 and 4 contained the cerebrum (frontal and parietal lobes), thalamus/hypothalamus, and midbrain. These tissues were processed by standard histologic procedures. Sections that met the criteria for appropriate microscopic landmarks were used to measure specific microscopic structures. Images of each brain section were digitally captured using an Olympus DP70 or a SPOT RT camera mounted on a Leitz dissecting microscope (blocks 3 and 4) or a Leitz light microscope (block 10) with image capture software (Diagnostic Instruments, Inc., Sterling Heights, Michigan). Simple morphometric measurements were obtained using the Image-Pro Plus image analysis software (Media Cybernetics, Silver Spring, Maryland). Measurements were excluded as necessary due to microscopic artifacts, such as missing portion(s) of tissue and tears in tissue. Additional sections from blocks 3, 4, and 10 from the brain were stained with Luxol Fast Blue to assess myelin. Evaluations were only conducted in the high-dose and control animals as there were no exposure-related findings.
Animals examined at unscheduled necropsy. A complete set of tissues (listed in Supplementary Table S1) were examined histopathologically from one 300 ppm Set 3 male rat found dead on PND 89. One 300 ppm Set 3 F1 female died on PND 24 prior to scheduled necropsy. Tissues from this female were inadvertently not examined histopathologically. Deaths of these 2 animals were attributed to accidental injuries.
Statistics and calculations.
Statistical analyses used for this study are outlined in Supplementary Table S3 . Where appropriate, the litter was the experimental unit of analysis. The type I error rate (alpha) was set to .05 for all primary planned analyses. Reproductive indices and SRBC responses were calculated using standard equations (Supplementary Table S4 ). Nonpregnant females, females with resorptions only, or females found to be pregnant only after staining of their uteri were excluded from subsequent gestation and/or lactation parameters. Many analyses were performed separately by sex due to the recognized gender differences in 2,4-D response and differences in the dose levels used for males and females.
For TK data, descriptive statistical (ie, mean ± SD) analyses were performed using Microsoft Excel (Microsoft Corporation, Redmond, Washington) spreadsheets in the full precision mode (15 digits of accuracy). Individual values obtained were analyzed for AUC 0→t by trapezoidal method using PK Functions for Microsoft Excel (PK Functions for Microsoft Excel, Joel I. Usansky, Ph.D., Atul Desai, M.S., and Diane Tang-Liu, Ph.D., Department of Pharmacokinetics and Drug Metabolism, Allergan, Irvine, California; http://www.boomer.org/ pkin/soft.html), a method previously used by other investigators (Beringer et al., 2005; Pizarro et al., 2004) . Linearity was determined graphically by regression analysis (as per Roberts and Renwick, 1989; Sweatman and Renwick, 1980) and by comparing ratios of plasma 2,4-D and AUC 24h .
RESuLTS AND DISCuSSION

Dosimetry
Using body weight and feed consumption data, TMI for the various study phases was determined (Table 2 ). Targeted dose levels for this study were 5, 15, and 30 mg/kg/day (females) and 5, 15, and 40 mg/kg/day (males). The TMI values for the P1 males were close to the predicted values. However, in the P1 females, TMI exceeded the targeted dose levels, particularly during the early lactation period (LD 1-7), when TMI was double the targeted dose levels. To limit overexposure of the offspring during critical windows of development in accordance with guidance by Cooper et al. (2006) , dietary concentrations of 2,4-D were adjusted during subsequent lactation phases (LD 7-21) to account for the large and rapid increase in feed consumption (3-to 4-fold) typical for rats in mid-to late lactation (Carney et al., 2004) . These dietary adjustments were intended to maintain more consistent doses of 2,4-D (mg/kg/day basis) across study phases. Despite adjustments in the dietary concentrations of 2,4-D, doses for main study females were still greater than target levels during the second week of lactation . TMI is not reported for the last week of lactation (LD 14-21) as pups also consume diet during this period (Hanley and Watanabe, 1985; Yoon and Barton, 2008) , making dam TMI calculations inaccurate.
This study also included dietary concentration adjustments for the F1 offspring until PND 35; thereafter, F1 offspring received significantly larger doses than targeted. The highest TMIs were from PND 35-42, just after dietary adjustment ended (Supplementary Table S5 ). The longer the F1 animals were maintained on test diet beyond PND 70, the closer TMI values approached the targeted dose levels. Thus, animals in Set 1b, which were euthanized on PND 56 (earliest time point), had the highest average 2,4-D doses, whereas Set 3, euthanized on PND 139, had 2,4-D doses closer to targeted levels. In Sets 1a, 1b, and 2a, all of which were euthanized by PND 70, doses were nearly twice the targeted dose levels of 5, 15, and 30 or 40 mg/kg/day. Dietary concentrations were decreased by one-half during the LD 7-14 interval to account for increased feed consumption by the dams; TMI calculations were corrected for the adjusted diets.
c TMI was not calculated for LD 14-21 as pups also are consuming diet during this interval. 532
2,4-D EXTENDED ONE-GENERATION STUDY
Whereas lactating dams received a greater dose/kg body weight than was administered during the premating period, 2,4-D-treated dams and pups would have received much higher doses during these critical periods of development if these adjustments were not made (Saghir et al., 2013) . Dietary concentration adjustments during lactation were justified as nursing humans do not experience the large increase in feed consumption seen in rats. In humans, the metabolic demands of breastfeeding require an increase in maternal metabolism of approximately 20% or less (Frigerio et al., 1991; Prentice and Whitehead, 1987) . This contrasts markedly with laboratory rodents, where nutrient intake is critical for lactation success because a large portion of the metabolic output is directed to milk synthesis (Grigor et al., 1987; Smart et al., 1987) .
Dietary adjustments for the F1 offspring continued until PND 35; however, the F1 animals consumed greater amounts of feed per kilogram body weight for a much longer period beyond PND 35 and did not reach adult feed consumption levels per kilogram body weight until approximately 10 weeks of age, the age at which dosing began in the P1 animals. It is difficult to maintain consistent dosimetry during this period because the animals are growing rapidly with rapid changes in body weight:feed consumption ratios. Although children also consume greater amounts of food per kilogram body weight, dietary concentration adjustments during this period are warranted for 2 reasons. First, when toxicity was seen, it was difficult to discern if this toxicity was related to high peak exposures during the juvenile period or whether exposure to the targeted concentrations produced the effects. With dietary adjustments during the juvenile period, an appropriate NOAEL can be identified across life stages; the increased food consumption in children must be (and is) considered in the exposure component of risk assessment to ensure that this toxicity threshold is not exceeded. Second, the increased dose received by these immature animals exceeded the threshold for nonlinear kinetics for several weeks at both the mid-and high doses, a condition that would not occur in humans with 2,4-D due to large margins of exposure (see TK section). Prolonged exposure to doses in the nonlinear TK range likely contributed to the more pronounced kidney toxicity seen in F1 offspring compared with P1 animals (see Systemic Toxicity section).
The longer the F1 animals were maintained on test diet beyond PND 70, the closer TMI values approached the targeted dose levels. These results indicate that it would have been appropriate to extend the period of dietary dose adjustments beyond PND 35 to lessen the extent of overexposure during this developmental period. However, only a finite number of dietary concentrations can be managed logistically during an EOGRTS study. Additionally, for practical reasons, the rangefinding study was terminated at PND 35; thus, there were no TK data available to predict the overexposure without dietary adjustment after PND 35.
TK
Dietary 2,4-D TK was extensively evaluated in the range-finding study (Saghir et al., 2013) . Additional TK was included in the current study to confirm that gestational TK did not differ from other life stages and to extend 2,4-D TK data in the F1 offspring to later life stages. Plasma 2,4-D levels were measured in GD 17 satellite females and in F1 Set 3 males and females on PND 63 and 84 (Table 3 ). The TMI (mg/kg/day) in Table 3 shows the dietary intake (dose in mg/kg/day) of 2,4-D during the week prior to blood collection; therefore, these values differ somewhat from Table 2 , which shows cumulative dose (mg/kg/day) for these groups. Based on proportional TMI, the increase in the systemic dose (AUC 24 h ) during gestation at the middle-dose level (300 ppm; 22 mg/kg/day) was slightly above expected levels (4 times vs predicted 3 times). This small increase above the predicted systemic dose means that the 300 ppm dose level was at or slightly above linear TK during the GD 17 period. The observation of possible nonlinear TK at 300 ppm (22 mg/kg/day) in GD 17 females also was consistent with TK findings in nonpregnant females in the range-finding study in which onset of nonlinear TK likely occurred at a dietary dose ≤ 200 ppm (approximately 14 mg/kg/day) (Saghir et al., 2013) . The systemic dose of 2,4-D became highly nonlinear at the highest concentration of 600 ppm (43 mg/kg/day) in GD 17 females. If linear TK is assumed, the dose-dependent increase in plasma concentrations expected in the high-dose 600 ppm group was approximately 7.26 µg/g (6-fold increase relative to the 100 ppm systemic dose); however, the actual systemic dose was 39.9 µg/g, a 33-fold increase. Thus, the TK data indicated that the high-dose treatment in GD 17 rats (43 mg/kg/day) was substantially above the inflection point identified for onset of nonlinear TK (approximately 22 mg/kg/day).
In PND 63 F1 males, the systemic AUC dose of 2,4-D was increased 16-fold at 800 ppm (8-fold expected for linearity) and 4-fold at 300 ppm (3-fold expected for linearity), making the 300 ppm dose at or slightly above the threshold for nonlinear TK. Similarly, PND 84 males had a 15-fold increase in AUC 24 h at the high dose (8-fold expected) and a 4-fold difference at the mid dose (3-fold expected), indicating that the threshold for nonlinear TK in F1 males was approximately 300 ppm. Female PND 63 F1 animals exhibited 6-and 36-fold systemic 2,4-D increases for the respective 300 and 600 ppm doses (3-and 6-fold expected for linearity), indicating that nonlinear TK behavior was present even at the middose level. In PND 84 F1 females, systemic doses were increased 5-and 19-fold, respectively, at the mid-and high-dose levels (3-and 6-fold expected for linearity), again indicating that these dose levels were slightly above the inflection point for nonlinear TK in F1 females.
Overall, the TK evaluations confirmed that the high-dose levels selected for this study (600 ppm females; 800 ppm males) achieved and likely exceeded a primary study objective of producing systemic plasma concentrations at the high doses that were at or slightly above the threshold exhibiting nonlinear TK behavior. One advantage of this study design is that it promotes the use of TK data to set a kinetically derived maximum dose (KMD) compared with use of the traditional maximum tolerated dose (MTD) approach to define study dose selection (Saghir et al., 2012 (Saghir et al., , 2013 ). An MTD-based dose selection strategy based primarily on body weight and/or other evidence of toxicity would likely have resulted in selection of mid and high study doses higher than the threshold dose for onset of nonlinear TK in rats (Saghir et al., 2013) . Thus, an MTD-based dose selection strategy would have almost certainly resulted in at least 2 of the 3 study doses producing internal systemic dose conditions that were not relevant to assessing human health risks, and would have compromised generation of dose-response data that are most informative of actual human health risk.
As described by Cooper et al. (2006) and the subsequent OECD test guideline, a dose at or slightly above the threshold for nonlinear TK is a suitable high-dose level, provided that there is a reasonable margin of exposure (MOE) to human exposures. Assuming that the inflection for onset of nonlinear TK is approximately 20 mg/kg/day in females (Table 3 ; Saghir et al., 2013) , and given that high-quality biomonitoring of farm workers and families indicates geometric mean 2,4-D doses of ≤ 2.46 µg/kg/day for applicators and 0.8 µg/kg/day for nonapplicator spouses (Alexander et al., 2007; Thomas et al., 2010) , the respective TK inflection point dose divided by human exposure levels provides MOEs ranging from 8130 to 25 000. In addition, recent "biomonitoring equivalent" analyses (estimates of urine and/or blood concentrations if humans were exposed to the EPA regulatory Reference Dose (RfD) for 2,4-D) have confirmed that actual human exposures are well below the 2,4-D RfD health standard that is conservatively set to be protective of human health (and is derived from the chronic study NOEL of 5 mg/kg/day, which is equivalent to the low dose in this study) (Aylward et al., 2010; Hays et al., 2012) . Thus, human exposures to 2,4-D are very disparate from the inflection point of the onset of TK nonlinearity, strongly indicating that results at doses exhibiting nonlinear TK are irrelevant for risk assessment purposes.
2,4-D is eliminated from the body via the renal OAT1 transporter, which is not fully developed in immature rats (Buist et al., 2002) . Expression of OAT1 is immature up to approximately PND 35 in both male and female rats (Buist et al., 2002) and thus can result in higher systemic doses in immature animals relative to adults treated with equivalent 2,4-D doses (Saghir et al., 2013) . However, the overall NOAEL of 5 mg/kg/ day observed for toxicity in this study (see Systemic Toxicity), which is inclusive of young animals, indicates that the KMD approach for dose selection used in this study has provided data with improved relevance for risk assessment while assuring health protection. This is particularly so, given that biomonitoring of farm family children identified a geometric mean dose to children of 0.22 µg/kg/day (Alexander et al., 2007) , resulting in an MOE of 22,727 to the 5 mg/kg/day low dose in this study.
Systemic Toxicity
Body weights. In accordance with the EOGRTS study design, systemic toxicity was assessed across life stages. In the parental generation, high-dose females showed decreased body weight during lactation prior to dietary adjustments (LD 1-7), as did high-dose F1 pups (data not shown). Overall, the F1 pup body weights recovered to control values by approximately PND 42 (females) and 56 (males), although 1 subset of F1 males (Set 1a) had a 10% decrease in terminal body weights at necropsy on PND 70. These findings were considered exposure 2,4-D EXTENDED ONE-GENERATION STUDY related, although these effects occurred at doses in the nonlinear TK, which are not relevant for human risk assessment.
P1 and F1 adult renal toxicity. This study confirmed that the kidneys are a target organ for 2,4-D toxicity; kidneys were affected at similar dose levels/exposure durations to previous 2,4-D studies (Gorzinski et al., 1987; Saghir et al., 2013; Schulze, unpublished data) . Absolute and/or relative kidney weights were increased in P1 males in the 800 ppm group. Kidney weights were significantly increased in F1 Set 1a females at 300 ppm only at PND 70, but were not elevated with extended dosing out to PND 139. At 600 ppm, kidney weights were increased in Set 1a and Set 3 females (Table 4 ) but were not affected in the F1 males even at the high-dose level. In the P1 generation, the characteristic renal lesion, very slight to slight degeneration of the proximal convoluted tubules in the outer zone of the medulla, was seen in high-dose P1 males only. Renal lesions extended to middose F1 adult males at PND 70 and PND 139. Kidney lesions also were present in highdose F1 adult females. In both generations, renal lesions were slightly more severe in males than in females. No renal lesions were seen in PND 22 F1 pups.
The very minor renal effects seen at 300 ppm were judged not to be treatment related. Although there was some elevation in the incidence of "very slight" kidney toxicity in middose PND 70 males relative to controls (6/10 vs 1/10), 10/10 PND 139 control rats also had an increased incidence of "very slight" kidney toxicity. Thus, characterization of the middose, "very slight" response as treatment related, particularly given the minimal evidence of an increase in severity (3/10 "slight" at PND 139), was judged questionable. The absence of effect in the middose PND 139 rats points to a female LOEL of 600 ppm and a male LOEL of 800 ppm for kidney toxicity.
The incidence of the kidney histopathological changes in the F1 adults compared with P1 adults was likely related to higher 2,4-D doses in F1 offspring (Tables 2 and 4 ) and was associated with nonlinear TK at the high-dose level (Table 3) . For example, even with dose adjustments implemented between PND 21 and 35, the peak doses of 2,4-D between weaning and termination were 78 and 76 mg/kg/day in the high-dose Set 1a and Set 3 females, respectively, compared with 42 mg/kg/day in premating P1 females. Thus, the differences in incidence and degree of these histopathological changes across generations are explained by the 2,4-D dosimetry and TK, and are not attributable to an intrinsic sensitivity of young animals versus adults. These kidney lesions were slight to very slight in severity and would not be expected to alter renal function, which was confirmed by the lack of exposure-related effects on clinical pathology or urinalysis (Supplementary Table S6 ).
Although the same renal lesions were seen in both males and females, higher dose levels and/or longer exposures were needed to produce these effects in females compared with 2,4-D-exposed males. The reason for the gender-related sensitivity to kidney histopathology is likely related to 2,4-D TK. The OAT1 transporter responsible for excretion of 2,4-D in urine is located on the basolateral membrane of the proximal tubules of the kidney (Hasegawa et al., 2002 (Hasegawa et al., , 2003 Timchalk, 2004; Tojo et al., 1999) . Because the expression of OAT1 is higher in males than in females (Buist et al., 2002) , the transport of 2,4-D into the proximal tubule from plasma will saturate at a higher systemic concentrations in males than in females and thus allow for a greater delivered dose to proximal tubule cells in males. Put the opposite way, saturation of OAT1 at lower systemic plasma concentrations in females relative to males preferentially decreases the delivered dose of 2,4-D to the proximal tubules in females relative to males. There were no significant exposure-related effects on other organ weights in P1 and F1 adults (see Supplementary Table S1 for organ weight list). Other histopathological observations in P1 and F1 adults were either isolated findings considered unrelated to 2,4-D exposure and/or spontaneous alterations common to this strain/age of rat.
Weanling body weights and organ weights. Notably, pup assignments at weaning were not performed according to body weight but rather were based on day of birth and litter of origin to control for litter effect and to ensure that each litter is represented in each cohort to the extent possible. PND 22 males in the organ weight subgroup had decreased terminal body weight at all dose levels of 2,4-D (Table 5 ). Effects on weanling body weight in the 600 ppm group were considered exposure related; however, maternal/pup doses that altered weanling body weights likely exceeded the point of inflection for TK nonlinearity (Saghir et al., 2013) . However, no histopathological changes were observed in any organ including the kidney. Decreased pup body weight at 100 and 300 ppm was considered spurious. Artifactual differences in PND 22 male pup body weights were introduced during group assignment at weaning in the 100 and 300 ppm groups (Table 5 ). The lack of a dose-response relationship supports a randomization effect. Furthermore, PND 22 weanling body weights in the organ weight subgroup had a greater body weight differential relative to control animals (9%-10%) at all dose levels than highdose pups on PND 21 (6%) or high-dose pups randomized into the PND 22 perfusion group (6%). Across all dose levels, body weight decrements on PND 22 were accompanied by decreases in several organ weights, but these organ weight changes did not exhibit consistent dose-response relationships, lacked corresponding histopathology, and were attributed to decreased body weights in this subset. Spearman correlation coefficient confirmed that the weights of the affected organs were highly correlated to body weight (r ≥ .77) in weanling rats (Table 5) .
Together, these results indicated that organ weight changes in male PND 22 weanlings were due to the decreased terminal body weights. Based on the current data set and data in the scientific literature, the sensitivity of organ weights to body weight decrements is age dependent. In a study by Carney et al. (2004) , a 30% restriction in dietary intake during gestation and lactation resulted in decreased weanling body weights coupled with decreased absolute weights of the liver, kidney, thymus, spleen, uterus, testes, adrenal (males only), and brain (females only). This differs from results in adult male rats, where some organ weights (eg, testes) were conserved in the presence of similar body weight decrements (Chapin et al., 1993) .
Reproductive Toxicity
With respect to reproductive toxicity (Supplementary Table  S7 ), 2,4-D had no effects on estrous cyclicity (P1, satellite, Set 3) or P1 reproductive indices, including mating, fertility, time to mating, gestation length, pre-and postimplantation loss, and corpora lutea number (examined in satellite dams). Litter sizes, pup survival, sperm parameters, and ovarian follicle counts 
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were unaffected by 2,4-D. One P1 male in each of the 300-and 800-ppm groups had decreased bilateral testis size. This incidence of decreased testis size was within the laboratory historical control range (HCD). A similar unilateral finding was noted in a control F1 male. These findings were not reproduced in Set 1a or Set 3 F1 offspring with longer 2,4-D exposures, which included higher mg/kg/day exposures during critical life stages. Furthermore, unilateral and bilateral decreases in testis size have been reported as a spontaneous occurrence in adult Crl:CD(SD) rats (Pettersen et al., 1996) . There were no exposure-related histopathological changes in reproductive organs. Overall, there was no indication of reproductive toxicity by 2,4-D in this study. These results are consistent with the previous 2-generation reproductive toxicity study in F344/DuCrl rats (Rodwell and Brown, unpublished data), which reported no exposure-related effects on reproductive performance at exposures ≤ 80 mg/kg/ day 2,4-D in the diet. A NOAEL of 5 mg/kg/day was identified in the Rodwell and Brown study because the middose of 20 mg/ kg/day produced minimal alterations in postnatal pup body weight that were seen only in the F1b mating group. However, due to a dosing error that elevated actual dose levels only in the F1b mating group, the actual LOAEL in the Rodwell and Brown study was likely higher than 20 mg/kg/day. 2,4-D doses of ≥ 80 mg/kg/day produced adverse toxicity in both the P1 animals (decreased body weight and kidney histological alterations) and the pups (decreased pup body weight and survival) (Rodwell and Brown, unpublished data; Saghir et al., 2013) , as well as being significantly above the threshold for onset of nonlinear TK (Saghir et al., 2013) .
Endocrine Toxicity
Endocrine toxicity includes an evaluation of androgen, estrogen, and thyroid endpoints, as well as other glands that contribute to the maintenance of homeostasis.
Androgenicity/Antiandrogenicity. Androgen-dependent endpoints are summarized in Table 6 . In P1 males, decreased seminal vesicle and prostate weights were seen at ≥ 300 ppm; prostate weights were not statistically different from those of control. Examination of these data revealed that the absolute and relative organ weights in the control group were atypical, exceeding the laboratory HCD ranges for these organ weights. The organ weights for the 800 ppm-treated males were within the laboratory HCD range (Table 6 footnote). Absolute and relative prostate and seminal vesicle weights also were within HCD values for the 300 ppm-exposed males. Furthermore, there was no associated histopathology in these organs. These findings were not reproduced in Set 1a offspring (PND 70), Set 2b offspring (PND 87-93; data not shown), or Set 3 F1 offspring with longer 2,4-D exposures, which included higher mg/kg/day exposures during critical life stages. There were no alterations in reproductive or accessory sex gland histopathology in Set 1a or Set 3 males. Set 3 males had no effects on sperm parameters assessed on PND 139. One factor that may have contributed to the statistical significance of seminal vesicle and prostate weights in the P1 males is the inherent variability in these organ weights. Seminal vesicle weights can vary due to differing amounts of seminal fluid, which is influenced by numerous factors (Luke and Coffey, 1994) . Inherent variability in prostate weights was recognized in a recent analysis of multigeneration study endpoints (Marty et al., 2009 ).
There was a slight delay (+ 1.6 days) in F1 preputial separation at 800 ppm, which was attributed to high-dose body weight decrements and slightly delayed growth. Body weight at the time of puberty onset was similar in 800 ppm males and controls (221.1 g compared with 223.2 g in controls). Because high-dose males weighed the same as controls 1.6 days later when puberty onset occurred, these data indicate that 800 ppm 2,4-D had an effect on the rate of growth in peripubescent male rats. The magnitude of this delay (1.6 days with 7%-8% differences in body weights on PND 28-42) was consistent with a 1.8-day delay in age at preputial separation in a feed restriction study with a 10% body weight decrement (Marty et al., 2003) . Furthermore, the age at preputial separation in the high-dose males was within the range of historical control values (43.5-44.9 days). Other androgen-sensitive endpoints examined in F1 offspring, including AGD and nipple retention, which are considered very sensitive endpoints (Clark, 1999; Hotchkiss et al., 2004; McIntyre et al., 2001; Wolf et al., 2002) , male reproductive organ weights, sperm parameters, and testicular and accessory sex gland histopathology, were not altered. In the previous 2-generation toxicity study, there were no exposure-related alterations in testicular (P1, F1b), epididymal (P1, F1b), prostate (F1b), or seminal vesicle (F1b) histopathology with 2,4-D exposure (Rodwell and Brown, unpublished data); the F1b treatment was ≥ 100 mg/kg/day, substantially higher than the top dose in this study. Last, 2,4-D TK was nonlinear in F1 males at 800 ppm, which casts further doubt on the toxicological significance of any effects to human risk at this dose level.
With redundancy in several endpoints examined across generations, a weight-of-evidence approach was applied to discern consistent effects attributable to 2,4-D treatment. Overall, the data do not support an androgenic or antiandrogenic potential for 2,4-D, even at doses exceeding the threshold for linear TK in rats.
Estrogenicity/Antiestrogenicity. Data for estrogen-sensitive endpoints, which included estrous cyclicity, reproductive indices, organ weights/pathology, and ovarian follicle counts, are shown in Table 7 . Reproductive indices and litter size and pup survival were not affected by 2,4-D. There were no exposure-related effects on age and body weight at vaginal opening (measured in all Sets 1-3 animals). There were no effects on female reproductive organ histopathology in either P1 or F1 offspring, or quantitative ovarian follicle counts in F1 Set 3 offspring. There were no significant, exposure-related changes in reproductive organ weights in P1 or F1 PND 22 females or in F1 Set 1a, Set 2 (testis), or Set 3 males and females. When uterine weights were examined in P1 and F1 females, there was a suggestion of increased uterine weight in the high-dose group; however, this result was deemed incidental and unrelated to 2,4-D treatment. In each case, the increase in uterine weights was not statistically significant (10%-17% in P1 and Set 3 [n = 24-27]; 31% in Set 1a [n = 10]) and showed high variability (eg, coefficients of variation were 21%-36%) because stage of estrous was not controlled at necropsy. An evaluation of terminal stage of estrous indicated that the increased uterine weights generally correlated with a higher incidence of 600 ppm females in proestrus or estrus at the time of necropsy. Given that 2,4-D did not alter estrous cycle patterns in either P1 or F1 Set 3 offspring (no difference in percent of days in estrus or diestrus) and there were no differences in mean cycle length (4.1 days in all P1 groups, and 4.4 vs 4.3 days in F1 Set 3 control and high-dose groups, respectively), the increased number of animals in proestrus/estrus at necropsy appears to be incidental. Examination of HCD revealed that control uterine weights (P1 dams on LD 22, Set 1a on PND 70, Set 3 on PND 139) were below the laboratory HCD range, whereas high-dose absolute and/or relative uterine weights were within the laboratory HCD range. These findings further support the lack of an exposure-related effect on uterine weights. The absence of effects on the ovary and uterus is consistent with the previous 2-generation toxicity study (Rodwell and Brown, unpublished data), which reported no exposurerelated alterations in ovarian (P1, F1b) or uterine (P1 adults; F1b adults and weanlings; F2a weanlings) histopathology with 2,4-D exposure (estrous cyclicity and vaginal opening were not assessed by Rodwell and Brown). Notably, the F1b and F2a weanlings were not cycling, so the absence of gross findings (eg, enlargement or histopathology) gives a more robust assessment of potential estrogenic effects than looking at uterine weights in cycling females. Thus, the data do not support any 2,4-D-mediated estrogenic or antiestrogenic effects, even at doses exceeding the threshold for linear TK in rats.
Thyroid assessment. Thyroid assessment included thyroid hormones (T3, T4, and TSH), thyroid weights, and/or histopathology evaluated at multiple life stages (Table 8 ). There was no consistent pattern of effects on thyroid parameters seen across life stages. High-dose satellite GD 17 dams given 600 ppm 2,4-D had nonsignificant decreases in T4 and T3 with a corresponding increase in TSH. Thyroid histopathological alterations were seen in 3 of 12 dams, which comprised smaller thyroid follicles with small vacuoles in the colloid that were suggestive of colloid resorption. There were no adverse pathological alterations (eg, degeneration) associated with the smaller follicles, and thyroid changes were not observed in LD 21 dams, indicating that this effect was transient; thus, these thyroid changes were considered adaptive. High-dose alterations in thyroid function during pregnancy is plausible given that high doses of 2,4-D have been shown to compete with T4 for serum protein binding (Florsheim and Velcoff, 1962; Florsheim et al., 1963; Van den Berg et al., 1991) and because pregnancy affects all aspects of thyroid hormone economy (Larsen and Ingbar, 1992) . This adaptive change in thyroid function in GD 17 dams occurred only at 600 ppm, an exposure level that resulted in nonlinear TK (particularly exacerbated in GD 17 dams compared with nonpregnant adult females); thus, this finding was considered not relevant for human risk assessment. Furthermore, rats are a more sensitive model to thyroid perturbations than humans (Jahnke et al., 2004; McClain, 1995) , with T4 less tightly bound to serum protein in rats than in humans (Jahnke et al., Terminal estrous inadvertently not determined in 7, 7, 6, and 6 P1 animals in the 0, 100, 300, and 600 ppm groups, respectively. ). There were no thyroid effects at lower dose levels in GD 17 dams and no biologically significant effects on thyroid endpoints at the other life stages examined.
Adrenal and pituitary.
There was no indication of alterations in adrenal function as there were no effects on absolute or relative adrenal gland weights and no exposure-related histopathological findings at any 2,4-D exposure level. Absolute and relative (fixed) pituitary gland weights were significantly decreased in the 800 ppm Set 3 males; however, this finding was not considered exposure related. The magnitude of the differences from pituitary weights in control animals was minimal (absolute and relative pituitary weights were 0.0127 and 0.0022 g/100 g body weight, respectively, compared with 0.0139 and 0.0024 g/100 g body weight in controls), and values were within the HCD for this laboratory (data not shown). Pituitary weights in P1 and Set 1a males, as well as in P1, Set 1a, or Set 3 females, did not differ from control values, and there were no exposure-related histopathological changes in pituitaries at any dose level or life stage. Last, alterations in pituitary function would be anticipated to alter numerous study endpoints in Set 3 males, including reproductive and accessory sex gland weights and sperm parameters, and these endpoints were not affected by 2,4-D exposure. Thus, despite the pituitary weight differences from control in the Set 3 males, there is no indication of pituitary alterations with 2,4-D exposure.
Triggers for Second-Generation Mating
In the EOGRTS design, the decision to breed a second generation is triggered based on predetermined criteria. With the lack of significant treatment-related effects on reproductive parameters and developmental landmarks, mating of a second generation was not triggered based on a priori established criteria ( Table 9 ). The triggers required that a statistically significant, or biologically relevant, dose-related response was demonstrated. As with other toxicological studies, weight of evidence was applied when interpreting the results of the EOGRTS to determine whether a second-generation breeding was required.
The laboratory's HCD also assisted in the interpretation of data on reproductive toxicity endpoints. MOE considerations advocated by the ACSA program also were factored into the decision not to breed a second generation . The ACSA paradigm indicated that if toxicity triggers were limited to the high-dose level alone (with no apparent dose-related trend), the MOE of this dose relative to either estimated human exposures or those directly measured through human biomonitoring studies should be considered in the triggering decision. If the MOE was judged sufficient, triggering of a second-generation breeding would not be required. The MOE for 2,4-D exposure, based on data from the Farm Families Exposure Study (Alexander et al., 2007) , indicated that children were exposed to geometric mean doses of 2,4-D (0.22 µg/kg/day) that were more than 22 000-fold lower than the projected NOEL of 5 mg/ kg/day for the EOGRTS. Using the estimated internal dose in pups in the range-finding/TK study (Saghir et al., 2013) , the MOE of exposed pups was > 13 000-fold higher than estimated children's systemic exposures. Based on these results, breeding of a second generation was not triggered in this EOGRTS.
DNT
Neurobehavioral and neuropathological endpoints also were examined in this EOGRTS study. There were no clinical observations related to 2,4-D treatment in any dose group. Potential DNT effects were examined in Set 1b F1 offspring exposed to 2,4-D from PND 21-60. FOB parameters (handheld and openfield observations, grip performance, landing foot splay, and rectal temperature), MA, and ASR were assessed in these animals on PND 54-55 (results shown in Supplementary Figures  S6-S12 ). On PND 60, these F1 adults were perfused for central and peripheral nervous system neuropathology. In addition, brain weights, gross brain measurements, and morphometric measurements were evaluated. A subset of unselected weanlings also was perfused for neuropathology, brain weights, and gross brain measurements. There were no significant, exposure-related effects on FOB parameters, MA, or ASR. Gross and morphometric brain measurements also were not affected. There was no exposure-related neuropathology in PND 22 or 60 animals, including no effects on brain myelin deposition (assessed by special staining). Earlier studies using 2,4-D doses of 70-100 mg/kg/day administered either IP or SC produced evidence of altered myelin deposition (Duffard et al., 1996; Rosso et al., 2000) . In contrast, in this study, 2,4-D had no effect on myelin deposition despite treatment during sensitive periods of postnatal myelin deposition in rats and use of doses that were well above the saturation threshold for renal clearance.
Related neurotoxicity endpoints were examined in P1 adults and in other F1 offspring, including brain weights and/or histopathology in nonperfused animals (P1 adults and PND 22, Set 1a on PND 70, and Set 3 on PND 139). Terminal body weights and absolute brain weights were significantly decreased in PND 70 high-dose males; however, this group had a smaller sample size (n = 10/sex/dose) and shorter exposure duration than other groups with no brain weight changes (P1 adults and F1 Set 3 on PND 139; both with n ≥ 23/sex/dose); thus, the brain weight finding at PND 70 is considered spurious. There were no exposure-related effects on brain histopathology at any age. Thus, there was no evidence of DNT related to 2,4-D exposure. Figures S13-S14 ). To examine TDAR function, Set 2a AFC-designated animals were immunized (IV) with 2 × 10 8 SRBC on PND 66-70. After 4 days, spleen cells were evaluated for AFC responses. 2,4-D had no effect on AFC responses in males. High-dose females had nonsignificant decreases in AFC/spleen and AFC/10 6 splenocytes (54% and 27%, respectively). The AFC response was not altered at ≤ 300 ppm in females. The observation of lower AFC response in 600 ppm Set 2a females appeared to be due to temporal variability over the 4-day span of the evaluations, although the variability was within the HCD range for the laboratory and the range reported in the literature for this assay (Mann et al., 2008; White et al., 2005) . Analysis of the data by day reveals that days 1 and 2 of the assay yielded a stronger AFC response compared with days 3 and 4 and, unfortunately, dose groups were not balanced across days due to predefined age restrictions for the assay and the need to complete the AFC assay with the first half of the available litters to determine whether the NK assay was required. In the EOGRTS test guideline (OECD 443), only the TDAR assay is recommended for DIT assessments to alleviate this issue. The lack of effect of 2,4-D on the primary immune response to SRBC is consistent with previously published reports in mice in which 2,4-D did not suppress the primary antibody response to SRBC (Blakley, 1986; Blakley and Schiefer, 1986; Lee et al., 2001) . Due to the contribution of interexperimental variability to the SRBC decrease, the presence of a lower SRBC response only at a dose that exhibits nonlinear TK (600 ppm), and previous published studies that demonstrate a lack of effect of 2,4-D on the SRBC response, it was determined that 2,4-D did not induce an exposure-related decrease in the primary immune response to SRBC in male or female rats; consequently, the NK-cell assay was conducted in the Set 2b animals.
DIT
Potential DIT of 2,4-D was evaluated in an EOGRTS (Supplementary
For the F1 NK assay on PND 87-93 (Set 2b), fluorescent labeled YAC-1 cells (targets, T) were plated with spleen cells (effectors, E) at E:T ratios from 50:1 to 800:1. Target cytotoxicity was monitored directly through PI labeling using flow cytometry. The NK assay showed no effects from 2,4-D exposure. The assay showed linear cytotoxicity with increasing E:T cell ratios (from 5% to 40% cytotoxicity) which was identical across all doses.
There were no exposure-related alterations in other immunerelated endpoints in P1 or F1 animals, which support the conclusion of no relevant changes in immune system development or function. There were no exposure-related effects on spleen and thymus weights (P1, Set 1a, Set 2a, Set 2b [spleen only] and Set 3) or histopathological changes in any of the immunerelated tissues examined (ie, spleen, mediastinal lymph nodes, mesenteric lymph nodes, spleen and/or thymus in the P1, Set 1a, and Set 3 animals). White blood cell parameters were not altered in P1 or Set 1a animals, the 2 groups for which hematological analyses were conducted.
Thus, it was concluded that 2,4-D did not exhibit immunosuppressive properties in either the SRBC AFC assay or the NK-cell assay. The combination of these assays has previously been reported to accurately identify immunotoxic compounds with a 94% concordance (Luster et al., 1992) . Therefore, the results of these assays indicate that 2,4-D is not immunotoxic. In addition, because 2,4-D treatment was continuous throughout all life stages up to adult in which immunotoxicity was assessed, these findings indicate 2,4-D is not a developmental or adult immunotoxicant.
Advantages of the EOGRTS Study Design
The EOGRTS study provides a thorough assessment of reproductive toxicity, DNT, DIT, endocrine toxicity, and systemic toxicity in animal exposed during critical windows of development (ie, F1 animals are exposed during gestation, lactation and through adulthood). The assignments into cohorts may be altered if concern regarding a particular type of effect predominates based on other toxicity data. A comparison of the 2,4-D EOGRTS study, the recently adopted EOGRTS test guideline (OECD 443) and the test guidelines/study guidance documents for the 2-generation reproductive toxicity study, DNT study, DIT study (proposed design) and comparative thyroid study are provided in Supplementary Tables S8-S10 .
The EOGRTS provides the opportunity to evaluate multiple systems for toxicity in the F1 offspring exposed during critical windows of development. These data can be used to determine which target organs are most sensitive to toxicantinduced effects. Furthermore, this design provides an opportunity to evaluate toxicity across systems (eg, did renal toxicity contribute to alterations in neurobehavioral performance? Did 542 2,4-D EXTENDED ONE-GENERATION STUDY endocrine toxicity occur at doses lower or higher than doses affecting systemic toxicity endpoints?).
The EOGRTS study also provides the opportunity to evaluate the same or related endpoints at multiple time points to examine whether there are reproducible patterns of effects (eg, are effects on P1 male reproductive organ weights reproducible in F1 offspring exposed to greater concentrations of test material for longer periods of time, including sensitive periods of development and maturation?). With so many endpoints evaluated in an EOGRTS study and a 5% chance for Type II errors (α ≤ .05), there is a likelihood that some statistically identified values are not toxicologically meaningful; therefore, intra-study reproducibility of these results across F1 cohorts can be useful to establish treatment-related findings. If equivocal data occur during conduct of the EOGRTS, the use of multiple cohorts (sets) often provides an opportunity to evaluate endpoints in additional animals (eg, inclusion of testes weights in the DIT cohort).
Another advantage of the EOGRTS design is the recommendation to use TK data for dose setting and data interpretation. Use of TK data in this manner is predicated on a sufficient MOE in humans to verify that humans are unlikely to exhibit nonlinear TK when exposed to the test material. As was demonstrated in this study, this paradigm avoids use of unrealistically high doses that may produce toxicities that are ultimately irrelevant to human risk, and instead, allows the selection of dose levels that generate dose-response data that are more relevant for risk assessment purposes. Collection of TK data under conditions of which the compound is being tested and are most relevant to real-world human exposure, ie, dietary as exemplified by this study, also allows for both a more informed study design and interpretation of toxicological findings (eg, maternal and neonate internal dosimetry changes between life stages and the need for dose adjustment) (Saghir et al., 2013) .
One major advantage of the EOGRTS study is that it gathers more information while using significantly fewer animals. When the F2 breeding of a second generation is not required based on a failure to fulfill the pre-established trigger criteria, the EOGRTS study uses approximately 1600 animals as compared to approximately 1000 additional animals if an F1 mating is triggered (assumes 4 dose groups of 20 litters each and 13 pups/litter from F1 breeding). Even more importantly, however, approximately 6000 animals would have been used if the reproductive, DNT, DIT and comparative thyroid endpoints evaluated for 2,4-D in the EOGRTS had been evaluated in stand-alone test protocols (assumes 10 pregnant dams/dose with 4 dose groups in the DIT). Furthermore, the EOGRTS study is considered a Tier 2 study for endocrine testing, thereby obviating the need to conduct the mammalian assays in the U.S. EPA Endocrine Disruptor Screening Battery (U.S. EPA, 2013 ). An associated animal welfare benefit is that the KMDbased dose selection strategy encouraged in the EOGRTS study design provides a toxicologically-defensible rationale for reducing unnecessary stress and/or discomfort to test animals that might otherwise be encountered in an MTD-based dose selection strategy.
The EOGRTS study also examines 3-4 pups/sex/litter as opposed to 1 pup/sex/litter in the 2-generation reproductive toxicity study, which improves the probability of detecting low incidence events. Thus, a more thorough toxicity assessment is conducted while minimizing animal usage to the extent possible. Lastly, the EOGRTS study has a shorter in-life phase than the 2-generation reproductive toxicity study, lasting approximately 25 weeks when a second generation is not bred compared to approximately 36 weeks for a 2-generation study.
Caveats for the 2,4-D Study Design
The EOGRTS study is a relatively complex study design and is resource intensive. Generally, because of staffing requirements, the EOGRTS is more expensive than a 2-generation reproductive toxicity study, but less expensive than separate reproductive toxicity and DNT studies. Laboratories that have experience conducting the 2-generation reproductive toxicity study, DNT study, immunotoxicity studies and endocrine studies have the experience needed to conduct the EOGRTS, but should carefully plan for the logistical challenges of managing the different F1 cohorts. Particularly challenging is the time around weaning, when P1 lactating dams and PND 22 weanlings are necropsied and other F1 animals are assigned to cohorts. These study phases require careful planning to determine pup assignments prior to weaning and assigned staff to manage the number of animals requiring various assessments. If appropriate, the study can be conducted in replicates to facilitate animal management (eg, 2 or 3 blocks with staggered starts 1 week apart).
To meet the logistical demands around weaning, an a priori plan is needed to assign pups to cohorts. Pups born on different days are assigned to cohorts when they reach weaning, which does not allow for the randomization of pups by body weight at weaning. This can result in body weight differences across cohorts at this life stage. Artifactual differences in weanling body weights must be considered when examining endpoints such as organ weights and reproductive maturation. If there is a true effect on body weights, a consistent pattern is likely across cohorts.
Unless triggered to breed a second generation, the EOGRTS study examines reproductive behavior in the P1 animals only. Although only limited data are collected from the production of the second generation offspring, a second mating allows for a replicate assessment of reproductive performance in the F1 animals, as well as F2 litter size, offspring survival and development (including AGD and nipple retention), and weanling necropsy endpoints (organ weights and histopathology). However, if effects on neurotoxicity or immunotoxicity are seen in the first generation, these parameters are not assessed in the F2 (second generation) offspring in the standard EOGRTS design. Thus, if these endpoints are sensitive to toxicant effects, breeding of the second generation offers no advantage for risk assessment; instead, a follow-up study to more fully characterize DNT or immunotoxicity would be more beneficial. With the exception of puberty onset, many adult endpoints are examined in both the P1 and F1 offspring, including estrous cyclicity, reproductive organ weights and histopathology, sperm analyses (motility, counts and morphology) and qualitative/quantitative ovarian examinations. With males, it is generally accepted that reproductive organ histopathology and sperm parameters are more sensitive endpoints than fertility for detecting changes in the male reproductive system (Chapin et al., 1997; Gray et al., 1989; Mangelsdorf et al., 2003; Ulbrich and Palmer, 1995) . Functional evaluations of fertility are less sensitive due to the excess sperm reserve in rodents. Thus, while P1 males are not exposed for a full spermatogenic cycle (10 weeks) prior to breeding, males are exposed for ≥ 10 weeks prior to necropsy, when endpoints more sensitive than fertility are assessed. Female rats have robust reproductive performance and hormone production even in the presence of reproductive system alterations (eg, within 24 h of removing an ovary, the remaining ovary can ovulate a full complement of 10-12 follicles; also only 2-3 corpora lutea are needed to maintain pregnancy; Hirshfield, 1987) . Thus, ovarian histopathology is believed to be a sensitive indicator of female reproductive toxicity (Regan et al., 2005) . Female reproductive organ weights, however, are highly variable depending on the stage of the estrous cycle at necropsy and are not sensitive endpoints in this study design.
While some endpoints are only evaluated in F1 offspring (eg, puberty onset), the evaluation of 3-4 pups/sex/litter ensures greater precision in these data and a greater likelihood of finding an effect if one exists due to improved statistical power (OECD, 2013) . Thus, a second generation is bred only when a priori criteria are met (see OECD Guidance Document 117; OECD, 2011). This approach has been supported by several retrospective analyses of 2-generation reproductive toxicity studies, including an evaluation of over 500 studies (Janer et al., 2007; Piersma et al. 2011; Rorije et al., 2011) .
Another caveat in using the EOGRTS design is that it requires timely data analysis to determine if a breeding trigger for the F2 generation has been met. Laboratories must identify deadlines for data collection and analysis, and designate resources to complete these evaluations in a timely manner, to ensure data are available to evaluate triggers for breeding a second generation. For studies implemented for regulatory compliance, participation in this decision by the relevant regulatory authorities will also increase confidence in the decision; this however requires keeping these authorities informed of the study designs and results on a real time basis.
Most endpoints in the EOGRTS design are collected by age; thus, the number of animals available for data collection (and the number of times an experimental procedure must be conducted) depends on the distribution of birth dates. For some endpoints (eg, SRBC assay), inter-assay variability requires that the number of assays be limited to the extent possible. For these endpoints, it is important to allow a range of ages over which data can be collected and recognize that some endpoints (eg, spleen weight) may be affected by allowing use of an age range.
Overall, the EOGRTS provided a robust assessment of potential reproductive, endocrine, neurodevelopmental, immune and systemic toxicity for 2,4-D in animals exposed during critical windows of development. Consistent with previous toxicity studies, renal toxicity appears to be the most sensitive target organ following 2,4-D exposure. TK data played an integral role in this study design with the selection of 2,4-D doses both below and above the threshold for nonlinear TK and the use of TK data to interpret toxicity findings. Aside from renal effects, 2,-D did not alter reproductive, endocrine, neurodevelopmental, or immune endpoints at doses within the linear TK range, even with exposures during critical stages of development.
SuMMARy
Across life stages, the EOGRTS has established that 2,4-D showed no evidence of adverse effects on reproduction, DNT or DIT; thus, the NOAEL for each of these toxicities was 800 ppm in males and 600 ppm in females, the highest dose levels tested. There was no evidence of potential interactions with the androgen or estrogen endocrine pathways, or of interference with the steroidogenesis pathway or hypothalamus-pituitary-gonadal axis. In addition, separate TK characterizations indicated that renal clearance of 2,4-D was saturated in males at 800 ppm and females at 300 ppm. Effects on the thyroid were limited to adaptive changes during gestation at a dose exceeding the linear saturation threshold, and thus irrelevant for human health risk assessment. Thus, the NOAEL for endocrine toxicity (estrogen, androgen, and thyroid pathways) also was 800 ppm in males and 600 ppm in females. Kidney was a primary target organ with very slight to slight degeneration of proximal convoluted tubules observed in high-dose P1 males and high-dose F1 males and females. Due to these findings, the NOAEL for systemic toxicity was 300 ppm in both males (16.6 mg/kg/day) and females (20.6 mg/kg/ day). In addition, human exposures to 2,4-D have been measured for adults and children on farms actively using 2,4-D (geometric mean doses of 2.46, 0.8, and 0.22 µg/kg for applicators, spouses, and children, respectively; Alexander et al., 2007) . These exposures are > 6000× lower than the identified NOAELs in the 2,4-D EOGRTS study; therefore, these data indicate that 2,4-D is unlikely to pose significant health risks to humans.
SuPPLEMENTARy DATA
Supplementary data are available online at http://toxsci. oxfordjournals.org/.
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